Using the QCD sum rules, we investigate the effects of temperature on the nucleon below the phase transition. The mass and width of the nucleon are analyzed using various parametrizations of the nucleon continuum. Overall, the nucleon mass is found to depend substantially on temperature variations in the quark condensate, irrespective of the continuum parametrization. Our results are compared with the ones discussed in the context of the chiral approach.
I. INTRODUCTION Considerable attention has been paid recently to the properties of nuclear matter under extreme conditions. The genera1 consensus seems to be that nuclear matter undergoes a phase transition from a strongly confined phase of hadrons at low temperature to a weakly interacting phase of quarks and gluons at high temperature. The evidence for such behavior comes mainly from lattice simulations [1] , and more recently from chiral perturbation theory in the low-temperature approximation [2 -4] .
The high-temperature phase is believed to be nonperturbative because of persisting infrared problems.
In a recent paper [5] we have critically analyzed the use of finite-temperature QCD sum rules. In particular,
we have found that the p-meson mass and width varied slowly at low temperature.
A rapid variation in the pmeson parameters was noted near T"following primarily large variations in the quark condensate. At these temperatures, however, the QCD sum-rule procedure was shown to break down. This notwithstanding, the analysis proved to be an interesting tool for investigating lowtemperature effects on real-time correlation functions in the timelike regime. Needless to say, these correlation functions are not accessible to present-day Euclidean lattice formulations.
In this paper we pursue our investigation of the lowtemperature effects on the nucleon parameters, following the analysis outlined in [5] . The QCD sum-rule approach [7] to mesons has been extended to nucleons by Ioffe [8] . We begin our discussion by summarizing the construction in the vacuum. To probe the nucleon channel in the context of the QCD sum rules, we use the Ioffe current:
Other choices are also possible. We will not pursue them in this work. In the vacuum the nucleon-nucleon correlation function in momentum space reads [8] .
IH. THE NUCLEON AT FINITE TEMPERATURE
The extension of the QCD sum-rule approach to finite temperature has first been discussed by Bochkarev and Shaposhnikov [10] and was recently reinvestigated by us with special emphasis on the p-meson channel [5] . Here we extend the discussion to the nucleon channel. For a complete discussion, the interested reader is referred to
Ref. [5] .
In the real-time approach to finite-temperature field theory the fermion propagator acquires a temperaturedependent piece where EM is short for the Borel transform (see Appendix B and Ref. [7] for more details), and M the Borel mass. The nucleon mass follows from taking the ratio of (2.9) and (2.10}: 2 2 II2(Q )= -(qq)ln 
or from the retarded one in the Gibbs approach, we can extract the lowest-order contributions to the OPE as shown in Fig. 1 . The evaluation of the contribution of Fig. 1 
The first term in (3.4) corresponds to the vacuum contribution, the second, third, and fourth terms arise by choosing one of the three quarks from the heat bath (hence on shell), a situation reminiscent of Fig. 1 [12] . The fifth term in (3.4) is obtained by taking two out of the three quarks from the heat bath.
2For a review of these techniques, see Ref. [11] .
The ultraviolet divergence in the second term of (3.4) has been removed by a zero-temperature renormalization of the pertinent current. A similar remark applies to the lowest-order perturbative temperature contribution to Fig The contribution of Fig. 1 Having said this we now proceed to write down the QCD sum rules in the nucleon channel at finite temperature. They follow from the dispersion relations for each structure function, in the same manner as Eq. (2.7). Note however that these relations now hold in the limit Q~O (source at rest) because of the special frame provided by the heat bath. This limit will be understood throughout.
For II, we obtain, after Borel transformation, are included in the derivation of (3.9). These two issues will be discussed in the next section. Fig. 3(a) .
( Fig. 3(b) . As is apparent from these figures, because of the soft temperature dependence of the nucleon mass in the case the condensate is kept constant, the behavior of m~a s a function of T is mainly dictated by the behavior of the quark condensate. This point was already noted as zero temperature.
IV. THRESHOLD EFFECTS AND BROADENING
AT FINITE TEMPERATURE Our analysis so far has ignored the effects of a continuum in the nucleon channel as well as the possibility of a. thermal broadening of the nucleon state. At zero temperature, the short-distance part of the correlator is dom inated by the perturbative three-quark diagram Fig. 1(a) , the imaginary part of which gives the nucleon continuum as conventionally used [8] . However Fig. 4 , namely absorption of a pion from the heat bath Fig. 4(b) ]. While the latter process contributes to the continuum at zero and finite temperature, it is the former one which gives the nucleon a finite width at finite temperature. The amplitude for this process vanishes at T =0.
To describe ONE dynamics at zero and finite temperature, we use an effective interaction that has been used successfully to reproduce the effects of the 4 resonance at low energy in the analysis of nN scattering (see, e.g. , Hohler, Jakob, and Strauss [13] , and references therein).
Note that as we are only interested in the imaginary part of the self-energy, which all the particles are on shell, the interaction is unique: g2 E~+m~q The dressed nucleon propagator is given by (mo is the bare nucleon mass) l iS(p ) = P -mo -X a(P)+is (4.4) To renormalize, we expand the self-energy (we drop the subscript mA and denote the physical nucleon mass by m~) 6 . Diagrams contributing to the imaginary part of Fig.   5 at finite temperature. The "encircled-vertex" notation is described in [14] . The calculation of ImX at finite temperature is easiest in the real-time approach, using the finite-temperature Cutkosky rules of Kobes and Semenoff [14] . In the notation of Fig. 6 , ImX= --'(X"' -X' ')= --'(1+e ' )X' ' (4 10) 2 2 where X"' and X' ' are defined in Fig. 6 width (at half maximum) I -5 MeV, while the continuum starts at s+. Figure 7(b) shows p, and p2 at the higher temperature T=150 MeV. The continuum is almost unchanged, while the width is strongly affected by temperature. This will be discussed in more detail below.
The "correction factor" Z in (4.23) Consider the lowest-order temperature contribution to Note that the thermal average of operators with an even number of derivatives is proportional to the quark mass and thus vanishes in the chiral limit. Substituting 
